Capsule Herring Gull Larus argentatus colonies located along coastlines that are relatively sheltered from wave impact, associated with high intertidal prey availability, and with extensive farmland habitat in the vicinity, have increased in size over the last three decades.
Introduction
Animal population changes can vary over space, with patterns often fluctuating over different spatial scales (McArdle et al. 1990 , Sutherland & Baillie 1992 , Brown et al. 1995 . Variation in population trends can be driven by differences in the local environment as well as by density-dependent processes, such as competition and predation, which can vary between locations (Furness & Birkhead 1984 , Brown et al. 1995 , Sibly & Hone 2002 , Crespin et al. 2006 ). Drivers of population changes are often identified using long-term data sets, frequently from single populations, which can compromise the generality of the findings.
Alternatively, spatial variation in population trends between different populations can provide a 'pseudo-experimental' approach that treats spatial contrasts in population trajectories as 'treatments' (Baum & Worm 2009 ). This spatial approach can identify factors that correlate with between-population differences (Frederiksen et al. 2005 , Robinson et al. 2013 ) and help in understanding larger-scale changes in a species' abundance (Liebhold et al. 2004) .
In recent decades, many ecosystems have been altered by anthropogenic influences, through over-exploitation of resources, introduction of invasive species and habitat destruction/modification, which can influence population sizes (Butchart et al. 2010) . Such influences are likely to impact populations over different spatial scales, from predation and disturbance acting at a local level to habitat change and severe or unusual weather events that can act over local but also broader spatial scales. When spatially distinct populations show similar trends in abundance this may indicate that similar environmental conditions are occurring over the scale being measured (Moran effect), affecting those multiple populations similarly (Harald et al. 2002 , Liebhold et al. 2004 . Conversely, contrasting abundance trajectories may indicate differences in local environmental conditions that drive population changes (Ens et al. 2009 ). Colonially-breeding seabirds show spatially distinct populations and their demographic traits vary across different spatial scales, with inter-population differences found in adult survival, productivity and population growth rate (Frederiksen et al. 2005 , Bertram et al. 2015 , Cordes et al. 2015 , Nager & O'Hanlon 2016 . Seabirds generally use food sources within the vicinity of their colonies, at least during the breeding season (Furness & Birkhead 1984 , Birt et al. 1987 , Lewis et al. 2001 , Wakefield et al. 2013 , and thus different colonies can be affected by different local environments. Spatial variation in population trends is generally poorly understood, but has important implications in understanding changes in abundance across the distribution of a species and their population management.
Within the environments used by seabirds, coastal habitats are particularly affected by anthropogenic and natural pressures due to their accessibility and location at a boundary between marine and terrestrial ecosystems (Thompson et al. 2002 , Lopez y Royo et al. 2009 ).
Several species utilising coastal habitats have experienced declines in recent decades (Lotze et al. 2006 , van Roomen et al. 2012 . Among seabirds that particularly rely on coastal habitats for foraging, and which have also experienced recent declines, are the large gulls, particularly the Herring Gull Larus argentatus (Eaton et al. 2015) . The Herring Gull is an opportunistic forager with a generalist diet, exploiting both marine and terrestrial resources (Hunt & Hunt 1973 , Götmark 1984 , therefore their populations can be affected by conditions on land and at sea. If food availability is affected by the many pressures on the coastal environment, and is a driver of Herring Gull population growth, then as generalists they may be able to buffer themselves against changes in local food availability by switching to alternative resources (Burger & Piatt 1990) . The outcome of such diet switches may depend on the relative quality of alternative resources (Österblom et al. 2008 (Österblom et al. , White 2008 . However, the breeding success of Herring Gulls can vary depending on the resources that they consume (Hunt 1972 , Pierotti & Annett 1991 , O'Hanlon et al. 2017 suggesting that the distribution of resources may still influence population changes in this species.
Here we use a rare opportunity to investigate the spatial pattern of long-term population trends across multiple Herring Gull colonies within a heterogeneous landscape of potential foraging habitats in a region of north-west Europe. If the landscape at a broad scale is an important driver of Herring Gull populations we would expect colonies with similar population trends to be spatially clustered. In addition, as breeding Herring Gulls forage in the vicinity of their colony (Thaxter et al. 2012) and colonies in this region that consumed more marine food from well-sheltered intertidal zones bred more successfully (O'Hanlon et al. 2017) we predict that between-colony differences in long-term changes of colony size will be influenced by the presence of suitable intertidal habitat in their foraging range. This study therefore aims to provide insights into potential drivers of colony size in Herring Gulls that can inform management decisions for this species of current conservation concern (Eaton et al. 2015).
Materials and methods

Study region and study species
We investigated Herring Gull colonies in an area of south west Scotland and Northern Ireland covering two biogeographically distinct regional seas (the north Irish Sea and the south Minches and West Scotland Sea; JNCC 2014) ( Figure 1 ). The study region is approximately 200 by 250 km with large variation in habitat composition within a relatively small geographic area. The Northern Irish coast and eastern shore of the Clyde are the most populated and farmed areas, with the Solway Firth coast also heavily farmed (Fuller et al. 2002) , whereas Northern Ireland and the Southern Hebrides generally have the most exposed shores and the northern Firth of Clyde the most sheltered coast (Thurstan & Roberts 2010 , Heath & Speirs 2012 . Across the study region breeding Herring Gulls were counted in 1969 (Operation Seafarer, Cramp et al. 1974 ), between 1985 and 1989 (Seabird Colony Register, Lloyd et al. 1991 ), and between 1998 (Seabird 2000 , Mitchell et al. 2004 . No additional, regular colony counts are available for colonies within this region. All three censuses followed the same standardised survey methodologies, which involved a mixture of vantage point counts, sample quadrate or transect counts extrapolated to the colony area, flush counts of adults or photography / aerial counts (Mitchell et al. 2004 , Walsh et al. 1995 . We extracted adjusted counts of Apparently Occupied Nests (AON) per Herring Gull colony from the Seabird Monitoring Programme (Walsh et al. 1995 , JNCC 2012 and additional data for Operation Seafarer from JNCC (Roddy Mavor, pers. comm.).
Colony growth rates
During the seabird censuses, grid references of all counted colonies were recorded. We matched counts from the same colony in different censuses by importing the grid references into ArcGIS (ArcMap ver.10. ESRI, USA) and extracted the location of all counts. Only where locations between censuses matched, by name or grid reference within 500 m, did we assume successive counts for the same colony. Newly established and extinct colonies were identified when a count of zero was recorded in the previous or following census, respectively. Where no record of a count was made we could not be certain whether that colony was not monitored or had a zero count so these could not be included in the analyses.
For small islands and sea-lochs (less than 5 km 2 in area), where the number of sub-sites differed between censuses, we totalled all counts into one value so they were comparable between censuses. We identified a total of 68 Herring Gull colony sites that were occupied during the first and/or the last census.
To quantify the changes in colony size over the study period we used a modification of the conventional ratio of Nt-1/Nt. As Nt-1/Nt is not defined for extinct colonies we calculated change in colony size (GR) for individual colonies using a formula based on Guillaumet et al. (2013) :
where Nt is the count in the last census (Seabird 2000), Nt-1 the count in the first census (Operation Seafarer), and Maximum [Nt, Nt-1] is the highest count from either census. This calculation of GR avoids the issue of undefined values of GR for extinct colonies and GR = 0 for colonies established since 1969 (Guillaumet et al. 2013) . GR values were monotonically related to the calculated lambda with rs = 1.0 (N = 64, four colonies were omitted as lambda values could not be calculated for four colonies that had a count of zero in Seabird 2000).
Local habitat availability
Herring Gulls are generalist foragers that traditionally rely on intertidal foraging habitats (marine invertebrates), however they also scavenge on fishery discards (fish, Nephrops) and forage frequently inland on farmland, built-up areas and landfill sites (anthropogenic food, grain and terrestrial invertebrates) (Hunt 1972 , Kubetzki & Garthe 2003 , McLellan & Shutler 2009 ). To investigate any relationship between Herring Gull population changes and habitat availability, we therefore extracted information on proxies that reflect the availability of these different potential foraging habitats within the foraging range of colonies. Comparable spatially explicit data on proxies for these habitats are available for Northern Ireland and south west Scotland but only for the end of the census period. We therefore focused on investigating spatial variation in local habitat and colony size at the end of the census period, rather than how conditions may have changed over time.
We extracted static habitat information for the end of the census period (1998) (1999) (2000) (2001) (2002) from Landcover 2000 (Fuller et al. 2002) , which uses computer classification of satellite images to quantify different land uses in the UK. Each habitat variable was extracted from within the Herring Gulls' potential foraging range around each colony. Breeding Herring Gulls are in general observed to forage up to 50 km from their colony (Götmark 1984 , Camphuysen 1995 , Thaxter et al. 2012 . In our study area we observed foraging trips of up to 44 km from the colony for a small subsample of GPS-tagged Herring Gulls from four different colonies (NJO'H unpublished data). We therefore selected the 50 km circle around colonies in order not to ignore far-away resources that birds potentially could use.
An important foraging habitat for Herring Gulls, especially within the study region of interest, is the intertidal zone where individuals forage on a large diversity of invertebrate prey (O'Hanlon et al. 2017) . As proxies of food availability in this habitat we extracted the area of intertidal habitat and average wave fetch, to reflect information on the quantity and quality of this habitat, respectively. The area of intertidal habitat was obtained from Landcover 2000 (Fuller et al. 2002) . Wave fetch is a measure of the exposure of a coastline, which depends on topography and predominant wind direction and was available for quadrats of 200 m 2 along the coastline by Burrows (2009) . For rocky shorelines, which are the predominant coastal habitat in the study region, low wave fetch supports a greater abundance and diversity of potential intertidal prey species .
Herring Gulls also exploit resources from terrestrial habitats by foraging on farmland, where they take earthworms and grain, and by scavenging on landfill sites and in other builtup areas (Pons 1992 , Belant et al. 1993 , Coulson & Coulson 2008 . We extracted farmland and built-up areas from Landcover 2000 (Fuller et al. 2002) . Built-up area was defined as the area covered by buildings and gardens in suburban/rural developed areas and continuous urban areas. Farmland was categorised as the area covered by agriculture and improved grassland.
Out at sea Herring Gulls may forage on small pelagic fish but mainly scavenge on fishery discards (Spaans 1971 , Camphuysen 1995 , Tasker et al. 2000 . From recent diet samples across the study region we know that Herring Gulls consume very little fish, mostly obtained from discards (O'Hanlon et al. 2017) . Thus fishing activity is thought to be a suitable proxy for foraging opportunities at sea. For the UK there are no publicly available data on discard tonnages (Gibson et al. 2015) and landing data are only available on a coarser spatial level than we require. Instead we assume that fishery activity, and therefore discard availability is greater where demersal fish are more abundant. We used demersal fish abundance extracted from the International Bottom Trawl Survey (IBTS) data at the ICES (International Council for the Exploration of the Sea) sea area level (Figure 1 ; data obtained from https://datras.ices.dk/Home/Descriptions.aspx) as a proxy of opportunity to scavenge on fishery discards. Our study region encompassed four of these sea areas and for each we averaged the total catch per unit effort (CPUE) of all fish age classes trawled during the spring survey (Quarter 1) for 1998-2002. Each colony was assigned the fishery CPUE value of the dominant sea area in its 50 km foraging range.
Statistical analysis
All statistical analyses were performed in R, Version 3. To determine whether the availability of habitats in the landscape surrounding the colonies explains spatial clustering, we investigated whether variation in colony size in Seabird 2000 Seabird (1998 Seabird -2002 was related to the composition of local habitats in the coastal environment. We used colony size as the response variable rather than colony GR as data on habitat variables was only available for the end of the census period, however there was a significant positive correlation between colony GR and colony size in Seabird 2000 (r = 0.48, P < 0.001, N = 68). We used a general linear model with colony size as the response variable and habitat variables (fishery CPUE, wave fetch, built-up area and farmland) as explanatory variables. We tested for multi-collinerity between explanatory variables in the car package (Fox & Weisberg 2011) and only retained explanatory variables with a Variance Inflation Factor (VIF) < 3 (Zuur et al. 2010) . This resulted in the area of intertidal habitat being removed due to being correlated with wave fetch. We tested all possible linear combinations of the four potential habitat variables using an information theoretic approach (Burnham & Anderson 2002) . Akaike Information Criteria corrected for small sample size (AICc) and
Akaike weights (wi) were calculated in the R package MuMIn (Barton 2012 ) and compared across candidate models. To account for model uncertainty, we selected only models with the biggest support for the data (ΔAICc ≤ 2) compared to the model with the lowest AICc (Burnham & Anderson 2002) and used the weighted average of each explanatory variable across all supported models as calculated within the MuMIn R package. The effect of each habitat variable on Herring Gull colony size were determined from the model-averaged estimates and 95% confidence intervals were calculated, those not overlapping zero show support that a variable is important. Residual plots were inspected and colony size was natural logarithm transformed to ensure no deviations from homoscedasticity or normality occurred.
RESULTS
Population growth rates
Between the first survey (Operation Seafarer, 1969) and the most recent survey (Seabird 2000 (Seabird , 1998 (Seabird -2002 Herring Gull abundance significantly declined across the study region (mean GR = -0.228±0.09 SE, one-tailed t-test against no change, i.e. GR = 0: t = 2.53, P = 0.014, N = 68). Colony GR over the whole census period was correlated with the colony GR during the second half of the study period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , r = 0.62, P < 0.001, N = 49 where colony site between second and third census could be matched). Therefore, the trend over the entire period reflected the trend in the more recent years. We found that Herring Gull colonies were spatially clustered with respect to GR (Moran's I = 0.410, Z = 2.74, P = 0.007) with K-means clustering supporting four distinct GR clusters (Figure 2 ).
Colonies to the north and the east of the study region mostly increased whereas the majority of colonies to the south and west have declined. Colonies that were the largest at the start of the study period (in 1969) had the strongest declines whereas colonies that were smaller in 1969 have increased over the study period (Linear model: F1,66 = 16.85, P < 0.001).
Spatial variation in local potential foraging habitat
Investigating colony size during Seabird 2000, we found two models that were competitive in explaining the observed spatial variation in Herring Gull colony size (Table 1) . The model averaged output from these two models indicated that wave fetch and the extent of farmland within 50 km of the breeding colony were the most important variables, with 95% confidence intervals that did not overlap with zero (Table 2 ). There was marginal support for fishery CPUE, and no support for built-up area (Tables 1 and 2).
DISCUSSION
We found evidence for spatial clustering of Herring Gull colonies with respect to changes in colony size across south west Scotland and Northern Ireland showing that, over the census period, gull colonies in close proximity showed similar changes in size. This may be due to nearby Herring Gull colonies experiencing a similar landscape of key foraging habitats.
Change in colony size was negatively related to the size of the colony at the start of the census period, indicating that colonies in the species' former strongholds showed the greatest declines in size, possible due to intra-colony competition. Between-colony variation in colony size was related to wave fetch and extent of farmland, indicating that colonies located in areas with low wave fetch and more farmland fared better than colonies along exposed coastlines with less farmland habitat in the vicinity. More sheltered coasts are typically associated with a higher diversity and availability of intertidal invertebrates, which is the food source that positively influenced breeding success in a sub-selection of colonies within the study region (O'Hanlon et al. 2017) . Farmland can also be an important food source for breeding gulls, especially early in chick-rearing, where earthworms can be important in the diet of young chicks (Sibly & McCleery 1983 , Coulson & Coulson 2008 . Within the study region, terrestrial invertebrates and grain constitute a large proportion of the Herring Gulls' diet (O'Hanlon et al. 2017) . Our results suggest that, at the end of the census period, colonies associated with sheltered coastlines and farmland were larger, indicating that sheltered intertidal habitat and farmland availability had positive consequences on Herring Gull colony size within this region at the end of the survey period, although in the past other food resources may have been more important.
Across three census period between 1969 and 2002, the Herring Gull population in the region of interest decline by 22%, a less severe decline than observed at the national level during this period (-57%, Mitchell et al. 2004) . Conversely, the similar Lesser Black-backed Gull (L. fuscus) increased at the national level over the census period, whilst the Great Blackbacked Gull (L. marinus) experienced a smaller decline (84% and -9%, respectively, Mitchell et al. 2004) . Within the region of interest, the population change in Lesser Black-backed Gulls was more stable whilst that of the Great Black-backed Gull was similar to that at the national level (-3% and -10%, respectively, O'Hanlon 2016).
We found spatial clustering of Herring Gull colonies with respect to change in colony Murrelet Brachyramphus marmoratus: Bertram et al. 2015) . This may suggest that nearby colonies forage in the same places or they encounter similar environments (Moran effect, Brown et al. 1995 , Williams et al. 2003 , Liebhold et al. 2004 . Studies on multiple seabird colonies concluded that neighbouring colonies frequently do not overlap in their forging areas (Wanless & Harris 1993 , Wakefield et al. 2013 , but see Ainley et al. 2004 , Evans et al. 2015 and this has also been seen in a species closely related to Herring Gulls, the Lesser Blackbacked Gull (Corman et al. 2016) . Therefore, habitat composition is likely to be similar among neighbouring colonies but different between colonies further away, and it is likely that small scale variation in habitat distribution is relatively unimportant in this system. Spatial variation in colony size were correlated with wave fetch, which reflects information on intertidal habitat, and the extent of farmland habitat within the vicinity. Rocky shores, the predominant coastal habitat in the study region, have higher diversity and abundance of marine invertebrates in more sheltered locations (Burrows et al. 2008 . Herring Gulls can forage extensively within intertidal habitats (Hunt & Hunt 1973 , Kubetzki & Garthe 2003 , and marine invertebrates were the key prey predicting breeding success in the study region from a sub-sample of colonies (O'Hanlon et al. 2017 ).
Furthermore, Herring Gulls on more sheltered shorelines may breed more successfully possibly due to these colonies being more sheltered from adverse weather events, which could influence egg and chick survival or affect the gulls' foraging ability (Schreiber 2001) .
Farmland habitats, particularly grassland, are highly predictable in both time and space (Pons 1994) and Herring Gulls are known to forage on farmland, specifically pastures, for grain and invertebrates, particularly earthworms (Sibly & McCleery 1983b; Pons 1994; Schwemmer, Garthe & Mundry 2008) . Intertidal and farmland prey are not necessarily the most energyand nutrient-rich food sources, especially in comparison to fish or anthropogenic food items scavenged from built-up areas and landfill sites (O'Hanlon et al. 2017 , van Donk et al. 2017 ).
However, access to these more energy rich resources may have declined in the region, especially due to changes in fishery discards and waste management (Weiser & Powell 2011 , Bicknell et al. 2013 , Foster et al. 2017 . In addition to food quality, there may also be tradeoffs in resource choice associated with resource predictability, risk in obtaining food items, handling times and variability in intra-specific competition for higher quality resources (van Donk et al. 2017) . Within our study region, it appears that, at least at the end of the study period, intertidal and farmland habitats provides an available, predictable food source for breeding Herring Gulls. It is unlikely that the quality of the intertidal habitat for foraging gulls has increased over time given that the coastal environments in north-west Europe has experienced particularly high levels of anthropogenic pressure (Halpern et al. 2008) .
We found minimal support that anthropogenic terrestrial food sources and fishery activity influenced Herring Gull colony size at the end of the study period, however this does not mean that these were not important drivers in the past. Ideally, we would have liked to investigate changes in anthropogenic food sources, but these data are not available back to the 1960's when the first census of Herring Gull colonies was undertaken. Thus we cannot rule out that changes in the availability or quality of food items from anthropogenic habitats or activities have influenced Herring Gull colony size. It appears that fishery activities at the end of the census period was a relatively unimportant driver of changes in colony size. In a sub-sample of colonies within our study region, offshore food items only represented a very small amount of the diet consumed by Herring Gulls (O'Hanlon et al. 2017) , supporting this conclusion. However, the underlying assumptions that the amount of demersal fish caught in Bottom Trawl Surveys is a good predictor of fishery activity and discard availability may be incorrect. The distribution of fishery activities may also have been different at the start of the study period, and therefore it could have been an important driver of colony size in the past if fisheries were most active in the areas of former Herring Gull strongholds in the study region. Current fishery activities are very low with the exception of a commercial Nephrops fishery (Thurstan & Roberts 2010) and may no longer be able to support large colonies and hence those populations have declined the most. Unfortunately such historic data are not available at the required spatial scale to investigate this.
As data on the habitat variables of interest were not available for the earlier census period we investigated spatial variation in colony size at the end of the census period rather than colony GR. However, there was a significant positive relationship between colony GR and colony size in Seabird 2000, indicating that the largest colonies at the end of the census period were also those that had increased the most between Operation Seafarer (1969 ( ) and Seabird 2000 ( (1998 . Although, this was not always the case, as some colonies which declined over the census period may still be larger than some of the smaller colonies, and vice versa. Interestingly, analysing variation in colony GR in relation to local habitat availability gave similar results to that investigating colony size at the end of the census period, with wave fetch being the most important variable is explaining spatial variation in Herring Gull colony growth rate (see Supplementary Material, Tables S1 and S2). This suggests that the presence of sheltered intertidal habitat within the foraging range of a colony may not only support larger Herring Gull colonies now, but also may have had a positive effect on the colony GR of these colonies in the past, or at least buffered them from the environmental changes that caused the declines in colony size elsewhere.
Information on habitat availability for each colony were extracted from the mean maximum area over which breeding Herring Gulls are known to forage (Götmark 1984 , Camphuysen 1995 , Thaxter et al. 2012 . Foraging ranges can vary with colony size (Jovani et al. 2015) , with individuals from larger colonies potentially travelling further due to competition and local food depletion near the colony (Furness & Birkhead 1984) . It is therefore difficult to accurately estimate the foraging range for every colony. However, selecting the mean maximum foraging distance of breeding gulls will account for resources that are potentially accessible around the colony. There will also be variation in the distribution of suitable foraging habitats with respect to the distance to the colony. Suitable foraging habitat near the colony is likely to be more favourable for foraging individuals than similar habitat further away from the colony where the forager has to travel further. We did not account for variation in the distribution of habitat around the colonies, and distance to foraging sites may explain some of the residual variation in our analyses of colony size.
Local habitat composition may not be the only factor that influences changes in Herring Gull colony size. Specific colony conditions may explain their different changes in colony size compared to neighbouring colonies. For instance, predation pressures and human disturbance may affect colonies locally and may have been responsible for some declines, however these factors generally act on a colony by colony basis. Predation pressure in the study region may have increased over time, for example with the introduction of the American Mink Neovison vison (Craik 1997) .
In this study we only considered the environment surrounding the colony as we know that this is the area that Herring Gulls exploit during the breeding season. During this period, suitable habitat may improve breeding success, which will affect colony size in the long term.
Survival during the non-breeding season is another factor that can affect colony size. British Herring Gulls are dispersive migrants (Coulson & Butterfield 1985) and it is unlikely that all individuals from the same colony will experience similar environments throughout the year.
Because of the spatial clustering of changes in colony size, this would suggest that factors in the environment that they share, i.e. in the breeding season, are the more important drivers of changes in colony size. Alternatively, changes in colony size may not be due to local productivity and mortality, but are a consequence of the movement of individual birds out of formerly suitable areas into areas that provide better opportunities for breeding and survival.
Future studies of movements in ringing recoveries between different landscapes would give us further insight into this possibility.
We found spatial clustering of Herring Gull colonies within a relatively small region of 200 by 200 km. Within this region, our results suggest that Herring Gull colony size is sensitive to spatially variable habitat availability / quality in the coastal environment, but that the environment varied over a larger scale than the distances between neighbouring colonies.
Identifying environmental drivers of population changes is challenging. This study demonstrates that investigating spatial variation in colony sizes is a promising approach. It also highlights the potential of monitoring multiple colonies and identifying spatial variation in population trajectories to help investigate relevant variables that might explain spatial differences in population changes. It needs to be emphasised that colony size can be specific to the particular environment in which the gulls forage and therefore warns that common conservation management might not be equally effective at all sites, highlighting the need for area-specific conservation measures. (1998 -2002) .
